Thermal expansion and magnetic properties of the YFe 11Ϫx Co x Ti compounds have been investigated by various experimental methods. A large magnetovolume effect has been clearly observed below T C for the Fe-rich compounds. When the transition metal concentration changes from Fe to Co rich, the invar-like effect becomes less pronounced and almost disappears close to the pure-Co compound. The dependence of the spontaneous volume magnetostriction on temperature and Co concentration has been estimated from the thermal expansion measurements. It has been found that, for the YFe 11Ϫx Co x Ti compounds, the largest spontaneous volume magnetostriction ͑about 2.1%͒ occurs at xϭ3, close to the concentration in which a maximum in saturation magnetization was found. The anomalous thermal expansion can be attributed to the volume dependence of the magnetic energy, which is very sensitive to the distance between first-neighbors transition-metal atoms for Fe-rich compounds.
I. INTRODUCTION
Intermetallic compounds of rare-earth ͑R͒ transitionmetal ͑T͒ form a large class of magnetic materials which offer much theoretical and practical interest. 1 In particular, the investigation of magnetic and structural properties of the ThMn 12 -type R -T compounds and their nitrides becomes a hot point due to the specific features of their crystal and magnetic structures. The crystallographic structure of the ThMn 12 -type presents only one site 2a for the rare earth atoms and three nonequivalent sites: 8 f , 8i, and 8 j for transition metal atoms. Invar-type anomalies in the thermal expansion behavior have been observed in the compounds R 2 Fe 17 , 2 R 2 Fe 14 B͑C͒, 3, 4 RFe 12Ϫx M x , 4 R 3 ͑Fe,M͒ 29 5 where M represents a stabilizing element. The thermal expansion anomaly observed below the ordering temperature was proposed to be a result of the strong dependence of the magnetic interactions with interatomic distances associated with a competition of interactions of opposite sign. 2 Nevertheless, the experimental results obtained on ZrFe 2 and R-Co compounds indicated that the anomalies in the thermal expansion are not necessarily associated with a competing ferromagnetic and antiferromagnetic interaction within the same sublattice of the 3d metal atoms. 6, 7 The study on new systems can help to clarify the origin of the invar effect in the R -T compounds. Recently a lot of investigation on substituted R-Fe or R-Co based compounds has been reported but the thermal expansion of these compounds has seldom been studied. In this article, we report on the thermal expansion of YFe 11Ϫx Co x Ti compounds.
II. EXPERIMENT
The samples of YFe 11Ϫx Co x Ti compounds with x ϭ0 -11 were prepared by argon arcmelting the constituent elements ͑with purity of at least 99.9%͒. An additional amount of Y was added to compensate the loss during arcmelting process. The ingots were remelted at least four times to ensure homogenization. Then the ingots were annealed in Ar atmosphere at 1373 K for 24 -48 h for YFe 11Ϫx Co x Ti, then followed by quenching in water. The quality of the compounds was checked by both the thermomagnetic analysis ͑TMA͒ and x-ray diffraction ͑XRD͒. Thermal expansion measurements were performed using a ''push-rod'' linear differential transformer method in the temperature range 150-1150 K. Magnetic properties were measured in a SQUID magnetometer for low temperature and a vibrating-sample magnetometer for above room temperature.
III. RESULTS AND DISCUSSION
Both XRD and TMA results indicate that all investigated YFe 11Ϫx Co x Ti samples are single phase and crystallize in the ThMn 12 -type structure. The linear thermal expansion ͑LTE͒ curves for the YFe 11Ϫx Co x Ti compounds are shown in Fig.  1 . Below the magnetic ordering temperature, T C , the samples with xр7 show an anomalous behavior. An additional contribution to the expected phononic thermal expansion is observed. In order to estimate the value of this extra contribution, (⌬l/l) m , the lattice thermal expansion (⌬l/l) lat , has been subtracted from the measured LTE. (⌬l/l) lat has been calculated using a Grüneisen-Debye model using a Debye temperature T D ϭ450 K. 5 The theoretical curve is determined fitting the experimental data in the This curve is shown in Fig. 1 by a dashed line. In this way, (⌬l/l) m ϭ(⌬l/l) exp Ϫ(⌬l/l) lat , where (⌬l/l) exp is the measured LTE. The anomalous volume magnetostriction m can be determined as m ϭ3(⌬l/l) m . The temperature dependence of m is shown in Fig. 2 . It can be seen that with increasing the Co content m initially increases, goes through a maximum at xϭ3 and then monotonically decreases, to finally disappear close to the pure-Co compound.
As can be seen in Figs. 1 and 2 , the magnetic contribution does not completely vanish above T C . This effect has already been observed in several related R -T intermetallics, and has been attributed to the existence of short-range magnetic order. 8 The values obtained for m at low temperature and the structural and magnetic parameters are summarized in Table  I . The saturation magnetization M s has been derived from the saturated part of the M vs. ͑ 0 H) Ϫ1 curves by extrapolating ͑ 0 H) Ϫ1 to zero. It can be seen that the largest spontaneous magnetostriction ͑about 2.1%͒ occurs at xϭ3, close to the cobalt concentration in which a maximum in the saturation magnetization was found. This is quite different from the observed behavior in Y 2 ͑Fe 1Ϫx Co x ) 14 B compounds, 9 where an increase in the cobalt content results in a reduction in the spontaneous magnetostriction and an increase in T C .
The magnitude and the temperature dependence of the bulk volume magnetostriction of a ferromagnetic compound can be related to the square of the magnetic moment. 10 For a one-sublattice Y-based magnetic intermetallic, the bulk magnetostriction can be obtained as m ϭn ddd 2 , where n dd is the magnetoelastic coupling coefficient between 3d atoms, and d represents the average magnetic moment of the 3d atom. The values of d and n dd at 5 K are listed in Table I . We can observe that both d and n dd present a maximum at the concentration value xϭ3. In the localized magnetic moment model the contribution to the magnetovolume effect arises from the volume dependence of the exchange interaction between the localized moments. The absence of a magnetovolume effect in the Co-rich compounds implies that the magnetic interaction is almost volume independent. Moreover, the instability of the Fe moments also gives rise to a contribution to thermal expansion according to m ϭn ddd 2 . It was reported 11 that in the YFe 11Ϫx Co x Ti compounds the average moments of the Co atoms are almost constant over the whole investigated composition range while Fe passes through a maximum with increasing Co content. This fact In order to analyze in more detail the observed variation of the LTE anomaly for Y͑Fe,Co,Ti͒ 12 series, let us first consider the magnetic exchange interaction. It is known that in YFe 11 Ti a competition exists between ferromagnetic and antiferromagnetic interactions. The total exchange interaction in the Y based intermetallics is not only determined by the exchange parameter J TT , but also by the 3d magnetic moment and the number of the T first neighbors. In the Cobased compounds the exchange interactions are mainly dependent on the values of the Co magnetic moment while in the Fe-based compounds they are essentially determined by the local environment effects. For the YFe 11Ϫx Co x Ti compounds the spontaneous magnetostriction comes from the inter and intrasublattice exchange interactions Fe-Fe, Fe-Co, and Co-Co. With increasing Co content the antiferromagnetic interaction is clearly reduced due to the strong preferential occupation of Co for the 8 f and 8 j sites. 1 For the Fe-rich compounds, the shorter interatomic distances d 8 f -8 f and d 8 f -8 j result in antiferromagnetic Fe-Fe interactions. For the Co-rich YFe 11Ϫx Co x Ti compounds, the total exchange interaction is not sensitive to the interatomic distances. Opposite to the behavior observed in the Fe-rich compounds the magnetic energy does not depend sensitively on the volume in the Co-rich compounds .
Both in the localized model and in the collective electron model it has been deduced that the magnetic contribution to the linear thermal expansion is directly proportional to the pressure derivative of T C . 7 Therefore, it can be expected that for YFe 11Ϫx Co x Ti compounds with xр7 dT C /dp is negative, whereas the opposite can be expected for the Co-rich 1:12 compounds. For rich-Fe 1:12-type compounds a negative sign in dT C /dp has been obtained, both from the study of the compounds under external applied pressure and the study of interstitial compounds ͑chemical pressure͒. 1 In the classical frame of the Stoner-Edwards-Wolfarth theory dT C /dpϭϪ␣T C ϩ5/3bT C . If the second term is dominant, the behavior is better described in the frame of a localized magnetic model. On the contrary, if the first term is the most relevant, a weak itinerant image is more adequate. 13 From our experimental results it can be concluded that with increasing Co content the second term becomes more important, being dominant close to the pure-Co compound. This conclusion is supported by the magnetic valence model, 1 By comparing the predicted and experimental values of average atomic moment, it can be concluded that the Fe-rich compounds are weak ferromagnets while the Co-rich compounds are strong ferromagnets. With increasing cobalt content the compounds change from weak to strong ferromagnets. The different thermal expansion behavior between YFe 11 Ti and YFe 10 Mo 2 supports the above argument. The YFe 10 Mo 2 is a strong ferromagnet and no invar-type anomaly in the LTE was observed. 4 In summary, a strong positive spontaneous magnetostriction has been observed for rich-Fe YFe 11Ϫx Co x Ti compounds. The large magnetovolume effects are linked to the character of weak ferromagnetism of the Fe atoms in these compounds.
